We conducted phylogenetic analyses of Androsace and the closely related genera Douglasia, Pomatosace, and Vitaliana using DNA sequences of the nuclear internal transcribed spacer (ITS) and the plastid trnL-F region. Analyses using maximum parsimony and Bayesian inference yield congruent relationships among several major lineages found. These lineages largely disagree with previously recognized taxonomic groups. Most notably, (1) Androsace sect. Andraspis, comprising the short-lived taxa, is highly polyphyletic; (2) Pomatosace constitutes a separate phylogenetic lineage within Androsace; and (3) Douglasia and Vitaliana nest within Androsace sect. Aretia. Our results suggest multiple origins of the short-lived lifeform and a possible reversal from annual or biennial to perennial habit at the base of a group that now contains mostly perennial high mountain or arctic taxa. The group containing Androsace sect. Aretia, Douglasia, and Vitaliana includes predominantly high alpine and arctic taxa with an arctic-alpine distribution, but is not found in the European and northeastern American Arctic or in Central and East Asia. This group probably originated in Europe in the Pliocene, from where it reached the amphi-Beringian region in the Pleistocene or late Pliocene. [Androsace; biogeography; Douglasia; evolution of short-lived life history; phylogeny; Pomatosace; Primulaceae; Vitaliana.]
The Primulaceae have been subject of diverse interpretations of familial and generic boundaries (Pax, 1897; Pax and Knuth, 1905; Schwarz, 1963) . Recent molecular phylogenetic studies utilizing chloroplast markers have helped to clarify the circumscription of this family (Anderberg et al., 1998 (Anderberg et al., , 2001 Källersjö et al., 2000) . Several genera traditionally included within the Primulaceae have been assigned either to the Theophrastaceae (Samolus) or to the Myrsinaceae (Anagallis, Ardisiandra, Asterolinon, Coris, Cyclamen, Lysimachia, Pelletiera, Stimpsonia) . Primulaceae s. str. is currently considered to be composed of three major clades Mast et al., 2001; Trift et al., 2002; Martins et al., 2003) : (1) the smallest contains the European Soldanella, the European and eastern North American Hottonia, and the East Asian Omphalogramma and Bryocarpum; (2) the largest with the most species-rich genus of the family, Primula, in which Dionysia (Southwest Asia), Sredinskya (Caucasus), Dodecatheon (western North America), and Cortusa (Eurasia) are nested; and (3) the tribe Androsaceae in the circumscription of Takhtajan (1997) , with the exception of Stimpsonia now included in Myrsinaceae (Anderberg et al., 2001) . This latter clade contains the second-largest genus of the family, Androsace, the monotypic European Vitaliana, the amphi-Beringian Douglasia, and the monotypic East Asian Pomatosace (Fig. 1) . The molecular studies of Mast et al. (2001) and Trift et al. (2002) focussed on the phylogenetic relationships within the clade containing Primula. A comparable treatment of the tribe Androsaceae has so far been lacking.
The generic boundaries within Androsaceae have been controversial, in particular the taxonomic treatment of Douglasia and Vitaliana as separate genera. Douglasia differs from Androsace in having a higher chromosome base number, multiple short scapes with dense pubescence of branched hairs, shortly pedicillate or sessile umbels with solitary or few flowers, a violet corolla (at least in early anthesis) with a tube as long or longer than the calyx, and irregularly thickened endosperm cell walls (Kelso, 1992; Anderberg and Kelso, 1996) . Most North American authors treat Douglasia as separate genus (Constance, 1938; Robbins, 1944; Kelso, 1992; Kelso et al., 1994) , whereas European authors assign it only sectional status within Androsace (Ovchinnikov, 1952; Wendelbo, 1961; Kress, 1965; Smith and Lowe, 1997) . Vitaliana is morphologically unique within Androsaceae by having heterostylous flowers, and most authors treat it as separate genus (Ferguson, 1972; Smith and Lowe, 1997) , whereas Wendelbo (1961) and Kress (1965) include it as a section in Androsace. A wider circumscription of Androsace is supported by recent molecular investigations of Trift et al. (2002) and Martins et al. (2003) , in which Douglasia and Vitaliana are nested within Androsace. Additionally, Pomatosace, thought to be closely related to Soldanella because of its circumscissile capsules, falls within Androsace, rendering Androsace paraphyletic (Mast et al., 2001; Trift et al., 2002; Martins et al., 2003) . The sampling of Androsace in those studies, however, is too scarce for a full understanding of the relationships in this group.
The phylogenetic position of Douglasia and Vitaliana in relation to Androsace has important implications for hypotheses on the biogeography of this group. Kress (1965) noted that no morphological and karyological characters can be found, which would clearly separate amphi-Beringian Douglasia, which he considers a section within Androsace, and the European Androsace sect. Aretia. Nevertheless, he rejected a close phylogenetic relationship between Douglasia and Androsace sect. Aretia for two reasons. First, based on the distribution Meusel et al., 1978) .
of the morphologically and karyologically most primitive group of Androsace (sect. Pseudoprimula) in Southeast Asia (Fig. 2) , Kress suggested centrifugal evolution from Southeast Asia eastwards (Douglasia) and westwards (Androsace sect. Aretia). Second, a close relationship between Douglasia and Androsace sect. Aretia would involve a disjunction between the amphi-Beringian region and Europe (Fig. 2) , which Kress considered to be too difficult to be bridged. Later, Anderberg and Kelso (1996) suggested, based on the presence of unusual irregularly thickened endosperm cell walls in Douglasia and Vitaliana, that these two genera form a monophyletic group. This again implies a disjunction between the amphi-Beringian region and Europe, which the authors consider to be a remnant of a once continuous distribution.
A similar biogeographic pattern to that of Androsace and related genera is found in Primula. Like Androsace, it has its center of diversity in the East Asian mountain ranges, where also the most primitive sections occur (Richards, 1993) . A close relationship of the mainly western North American Primula sect. Cuneifolia and the European sect. Auricula, which has been suggested on the basis of morphological and karyological characters (Kress, 1965; Richards, 1993) , has been recently confirmed by molecular studies (Mast et al., 2001; Trift et al., 2002) . Currently, it is not possible to decide if the biogeographic pattern found in Primula is just an idiosyncrasy of this genus, or if it is also present in other groups. Therefore, testing the biogeographic hypothesis of a Beringian-European disjunction in Androsace and related genera is desirable.
We present the first detailed molecular phylogenetic study of the genus Androsace and the closely related satellite genera Douglasia, Pomatosace, and Vitaliana using nuclear (internal transcribed spacer [ITS]) and plastid markers (trnL (UAA) intron, trnL (UAA) 3 exon, and trnL (UAA) -trnF (G AA) spacer, from here on referred to as trnLF) to establish a hypothesis on the phylogenetic relationships among and within these groups. Based on this phylogeny, we test the biogeographic hypothesis of a large scale disjunction between the amphi-Beringian region and western North America on one side and European mountain ranges on the other.
MATERIAL AND METHODS
Taxon Sampling Names of species and sectional delimitation follow Smith and Lowe (1997) with a few exceptions (Appendix 1). These concern A. delavayi and A. lehmannii, which are treated as members of Androsace sect. Aretia by Smith and Lowe (1997) , but are included in A. sect. Chamaejasme by the monographers of Chinese Androsace Hu and Yang (1986) , and Douglasia, which is treated as separate genus, thus allowing better comparability with previous studies of Mast et al. (2001) and Trift et al. (2002) .
Our study covers all sections of Androsace as well as Douglasia, Pomatosace, and Vitaliana, with some species of Primula and Dionysia as outgroups (Appendix 1). Initial studies indicated that both Douglasia and Vitaliana are phylogenetically well nested within Androsace sect. Aretia. Therefore, our sampling strategy focused on species of these groups, and in the final analyses (see below), all species of Douglasia and Androsace sect. Aretia, except D. alaskana, A. hirtella, and A. adfinis subsp. adfinis, are included. A second focus were the short-lived species of Androsace sect. Andraspis. Species that are split off as separate sections and members of all subsections, which have been recognized (Ovchinnikov, 1952; Kuvajev and Pirozhkova, 1987; Menitsky, 2000) , are included. The sampling in the remaining sections is less comprehensive, especially in the species-rich sections Pseudoprimula and Chamaejasme (with ca. 24 and ca. 77 species, respectively; Smith and Lowe, 1997) , and a denser sampling is undoubtedly desirable, but must be left for future studies due to the restricted availability of material. The molecular results (see below) together with morphological and karyological evidence (see Discussion) strongly suggest that these groups constitute phylogenetically independent lineages clearly separated from A. sect. Aretia, Douglasia, and Vitaliana (see Discussion for details on the only exception, A. triflora, from sect. Chamaejasme). Therefore, our relatively weak sampling in A. sects. Pseudoprimula and Chamaejasme should not impair the conclusions on A. sect. Aretia, Douglasia, and Vitaliana.
DNA-Amplification and Sequencing
DNA was extracted from silica-gel dried, rarely from air-dried, leaf material following the CTAB extraction protocol (Doyle and Doyle, 1987) with slight modifications (Schönswetter et al., 2002 (Schönswetter et al., , 2003a . The ITS1-5.8S-ITS2 region of the nuclear ribosomal DNA was amplified using primers 17SE and 26SE (Sun et al., 1994) . The trnLF region in the plastid genome was amplified using primers c and f from Taberlet et al. (1991) In cases of poor amplification results, PCR was repeated with 0.02% bovine serum albumin (BSA) (Sigma-Aldrich, Vienna, Austria) and/or 5% DMSO (Sigma-Aldrich, Vienna, Austria). PCR for both regions was conducted with the following conditions: denaturation for 4 min at 94 • C; 35 cycles with 1 min at 95 • C, 1 min at 48 • C, 1 min at 72 • C; final elongation for 10 min at 72 • C. PCR products were purified from 1% agarose gels using either Qiaquick gel purification kit (Qiagen Germany, Hilden, Germany) or GFX PCR DNA & Gel Band Purification Kit (Amersham Biosciences Europe, Vienna, Austria) according to the manufacturer's instructions. Sequencing was done using BigDye terminator cycle sequencing kit (Applied Biosystems, Foster City, USA) and analyzed on an ABI PRISM 377 DNA autosequencer (Applied Biosystems, Foster City, USA).
Due to more than 1% of ambiguous sites (doublepeaks), ITS sequences of Androsace axillaris, A. rigida, and A. stenophylla were cloned. The purified fragment was ligated into the pGEM-T Easy vector (Promega, Madison, Wisconsin) according to manufacturer's instructions. The plasmids were transformed into Escherichia coli JM109 competent cells (Promega, Madison, Wisconsin) and blue/white screening was used to identify transformants. Plasmid DNA was isolated using a standard miniprep method (Sambrook et al., 1989) . The clones were digested with EcoRI (Promega, Madison, Wisconsin) to check the insert length. Positive clones were sequenced using primers 17SE and 26SE and analyzed on an ABI 377 automated sequencer as described above. Of three to four clones checked for A. axillaris and A. rigida, three different sequences were obtained. These sequences formed in all phylogenetic analyses well supported species-specific monophyletic groups. Sequences of A. stenophylla, however, did not form a monophyletic group or formed only a weakly supported one (data not shown). Additionally, of six sequences checked three were chimeras, probably resulting from PCR recombination (Bradley and Hillis, 1997; Cronn et al., 2002) . The reasons for the presence of at least two paralogues in this species are unclear. It is possible that the accession of A. stenophylla, obtained from garden material, actually is a hybrid. Further investigations using wild material are necessary. The phylogenetic position of the two groups of sequences of A. stenophylla concerns only parts of the phylogenetic trees that are in general poorly resolved (see Results), and their position does not affect other parts of the tree. Therefore, for final analyses (see below) as for A. axillaris and A. rigida only one randomly chosen sequence of A. stenophylla was used.
Variability of ITS sequences in polyploid Androsace was tested in an accession of the highly polyploid A. lactea by cloning PCR products as described above. This species was chosen, because the phylogenetic position inferred from ITS data contradicts morphological and karyological evidence (see Discussion), and this might be caused by the presence of different paralogues. In eight clones sequenced, eight unique base changes and one change shared by three clones were observed in the ITS1-5.8S-ITS2 region. In phylogenetic analyses, all sequences group in a well-supported monophyletic clade (data not shown), indicating that the present paralogues do not change the inferred phylogenetic position. All newly obtained sequences have been deposited in GenBank under accession numbers AY275015 to AY275105 and AY502123 to AY502124 (ITS) and AY274936 to AY275014 (trnLF; see Appendix 1).
Phylogenetic Techniques
Alignment.-The boundaries of ITS1 and ITS2 were determined with the sequence of Senecio vulgaris (Asteraceae; AF422136) and ITS1; 5.8S and ITS2 were used for further analyses. Similarly, the borders of the trnL (UAA) intron and the spacer region were determined with the sequence of Nicotiana tabacum (Solanaceae, NC 001879), and the partial trnF (GAA) sequence was excluded from the analyses. In some sequences, the beginning of the trnL (UAA) intron was not readable due to the presence of multiple peaks, and therefore 20 bp on the 5 end of the trnL (UAA) intron were excluded from the analyses. The alignment of the ITS sequences was conducted in two steps. The data set was divided into groups according to the sectional boundaries in Androsace with the exception of sect. Andraspis, which was divided in two groups based on results of preliminary analyses (data not shown). These groups were aligned separately using the multiple alignment mode in ClustalX 1.81 (Thompson et al., 1997) with DNA transition weight of 0.5 and the penalties of 15 for gap-opening and 6.66 for gap extension. The alignments were adjusted manually using BioEdit 5.0.9 (Hall, 1999) . Initial attempts to use also information on secondary structure to aid the alignment were discontinued, because these did not appear helpful. These partitions were aligned using the profile alignment mode in ClustalX 1.81 with DNA transition weight of 0.5 and the penalties of 10 for gap-opening and 5 for gapextension. Manual adjustments were again conducted using BioEdit 5.0.9. The alignment of trnLF was computed with ClustalW as implemented in BioEdit 5.0.9 and adjusted manually.
Phylogenetic analyses.-Initial studies with a selected number of taxa indicated that ITS gives better resolution than trnLF. The higher sequence divergence in ITS, however, causes alignment problems for more distant taxa. This, together with problems in obtaining sequences for some taxa, resulted in differently sized data sets. The ITS data set includes more taxa from Androsace, Douglasia, Pomatosace, and Vitaliana (88 accessions), but only one outgroup taxon from Primula, whereas the trnLF data set comprises fewer taxa from Androsace and related genera (73 accessions) but in total seven outgroup species from several sections of Primula and from Dionysia. In order to assess the influence of regions with larger amounts of gaps or missing data on the inferred phylogenetic relationships, initial analyses were conducted on three subsets from each region, differing by inclusion/exclusion of taxa or regions with longer stretches of missing data, which resulted from indels (e.g., in the trnL-trnF spacer of A. strigillosa; see Results) or the unavailability of parts of sequences (e.g., the trnL-trnF spacer of Pomatosace). Both maximum parsimony (using PAUP 4.0b10; Swofford, 2001) and Bayesian analyses (using MrBayes 2.01; Huelsenbeck and Ronquist, 2001) of these subsets detected the same major phylogenetic lineages (data not shown). Generally, there was less resolution within these clades from analyses of data sets with fewer taxa included than from the corresponding larger data sets. A few contradictory relationships were inferred, but in no case did both of the two alternatives show high nodal support (bootstrap values >70 or posterior probabilities >0.95). The inferred phylogenetic positions of species having bigger stretches of missing data were identical in the analyses; differences, if present, only concerned the degree of resolution within clades or unsupported alternative relationships (data not shown). Results of simulation studies by Wiens (2003) suggest that the problem for taxa with incomplete data is one of including too few characters rather than one of including too many missing data cells. The issue of too few characters does not appear to be a problem in Androsace and related genera for taxa with larger stretches of missing data, in particular for Pomatosace filicula and Androsace strigillosa with about 45% of missing data in the trnLF data set, and accordingly these taxa were included in the final analyses.
For final analyses single data sets per marker were used including only those taxa, for which sequences from both regions are available (in total 69 accessions). Insertions (often duplications) restricted to fewer than seven taxa, i.e., <10% of taxa, were excluded from the analyses (35 and 115 characters for the ITS and the trnLF data set, respectively). Maximum parsimony analyses were conducted using PAUP 4.0b10 (Swofford, 2001) with the following settings: random addition sequence with 1000 replicates and no more than 200 (ITS data set) or 1000 trees (trnLF data set) saved per replicate, TBR branch swapping, MulTrees on, steepest descent option in effect (ITS data set) or not in effect (trnLF data set), swap on best trees only, and collapse branches if minimum length is zero. Characters were treated as unordered and of equal weight, and gaps were treated as missing data. Clade support was assessed using bootstrap with 1000 replicates (heuristic search options as above, except random addition sequence with 10 replicates and no more than 1000 trees saved per replicate). The best-fit substitution models were selected using the hierarchical likelihood ratio test as implemented in ModelTest 3.06 (Posada and Crandall, 1998) . Bayesian analyses were performed with MrBayes 3.0b4 (Ronquist and Huelsenbeck, 2003) using models with six substitution types (nst = 6) and a gamma distribution for describing rate heterogeneity across sites as suggested by Modeltest. Values for all parameters, such as the shape of the gamma-distribution, were estimated during the analyses. The settings for the Markov chain Monte Carlo process were four chains were run simultaneously for 2 × 10 6 generations with trees being sampled every 100th generation starting from uniform priors. The stationarity of the maximum likelihood scores of three independent runs, each starting from a random tree, was checked by comparing means and variances of the model likelihood after the burn-in period of 1000 trees. The posterior probability (PP) of the phylogeny and its branches was determined from 19000 trees.
Combinability of the trnLF with the ITS data set was assessed in a parsimony framework using the incongruence length difference (ILD) test (partition homogeneity test in PAUP). Although this test is widely used, its validity as a criterion for combinability is debated. Several properties are known that can upset the test, such as noise, i.e., data that do not reveal any features of shared phyletic history (Dolphin et al., 2000) , widely different sizes of data sets (Dowton and Austin, 2002) , or very heterogeneous among-site substitution rates (Darlu and Lecointre, 2002) . The results of simulation studies by Barker and Lutzoni (2002) indicate that the ILD test might be misleading in a large number of cases, whether to combine data sets or not, suggesting that the ILD test might not be well suited to test for combinability. On the other hand, Cunningham (1997) found that the ILD test predicts combinability better than other parsimonybased tests. However, several studies suggest that the significance threshold of 0.05 is too conservative (Sullivan, 1996; Cunningham, 1997; Darlu and Lecointre, 2002) , and Cunningham (1997) suggests a significance threshold of 0.01 to 0.001. The ILD test was conducted on two data sets, one including all characters, the second only including variable characters, using PAUP 4.0b10 (Swofford, 2001) employing 1000 partition replicates, not more than 200 trees saved per replicates, and steepest descent option in effect.
In a mixed-model approach, a combined data set is analyzed using different models for different partitions. We used MrBayes 3.0b4 (Ronquist and Huelsenbeck, 2003) to conduct such an analysis in a Bayesian framework. Two partitions congruent with the ITS and the trnLF data set, respectively, were defined, and the same models as for the single marker analysis were applied. Settings for the Markov chain Monte Carlo process, determination of stationarity of the likelihood score, and determination of posterior probabilities of clades were the same as for the single marker analyses described above. The data matrices and the phylogenetic trees are deposited in Treebase study number S1165 (http://www.treebase.org).
Estimation of divergence times.-Androsace has a poor fossil record. The oldest Androsace seeds are known from the Miocene (Dorofeev, 1963) , but these cannot be assigned to any of the sections within Androsace. Hence, the age of these fossils could only be used to suggest a minimum age for Androsace as a whole, with a caveat that the fossil might actually be from a member of a derived group within Androsace. In order to obtain age estimates TABLE 1. List of taxa and accession numbers of sequences included in the analyses of divergence times for the Primulaceae data set (see text for details).
Genbank accession number
Taxon atpB ndhF rbcL
Gilia capitata Sims AJ236220 AJ236269 for the nodes of interest, we therefore used an approach similar to that of Goldblatt et al. (2002) in their study of the genus Moraea (Iridaceae). They used age estimates provided for most angiosperm families by Wikström et al. (2001) to infer an age estimate for the genus Moraea from a phylogeny of the whole family Iridaceae. In a second step, this age estimate was then applied to a more detailed phylogenetic tree of Moraea as a new calibration point. A phylogenetic hypothesis for Primulaceae and related families was established using sequences from the three chloroplast genes, atpB, ndhF, and rbcL, as used in the study of Anderberg et al. (2001) . In total, 23 taxa were included, covering Primulaceae, Maesaceae, Myrsinaceae, and Theophrastaceae plus one species each of Diospyros (Ebenaceae) and Gilia (Polemoniaceae) as outgroups (Table 1) . Sequences were obtained from Genbank and aligned manually in BioEdit 5.0.9 (Hall, 1999) . Regions with missing data for more than one third of taxa were removed prior to analyses. This concerned stretches at the beginning and end of the three genes and two indels in the ndhF gene. Likelihood ratio testing was used to test if substitution rates can be modeled as clock-like. As best-fit substitution model, a general time reversible model with a gamma-distribution accounting for heterogeneity among sites and a proportion of invariable sites (GTR+ +I) was suggested by the hierarchical likelihood ratio test as implemented in ModelTest 3.06 (Posada and Crandall, 1998) . Using the parameter values suggested by ModelTest, heuristic searches were run with PAUP 4.0b10 (random addition sequence with 50 replicates, TBR branch swapping, MulTrees on, steepest descend option not in effect, swap on best trees only, and collapse branches if minimum length is zero). The likelihood ratio test statistic is calculated as 2([−ln L 0 ] − [−ln L 1 ]), in which L 0 and L 1 are the likelihoods under the null (clock) and alternative (nonclock) hypotheses. The significance of this value is judged by comparing it to a χ 2 distribution with n−2 degrees of freedom, with n being the number of taxa.
A clock-like evolution of substitution rates was rejected for the Primulaceae data set (data not shown). Hence, we used two other methods as implemented in the program r8s (Sanderson, 2002b) to produce ultrametric trees. Nonparametric rate smoothing (NPRS; Sanderson, 1997) estimates rates and times via a leastsquares smoothing criterion that penalizes rapid rate changes from branch to neighboring branch on a tree. In a penalized likelihood approach (PL; Sanderson, 2002a ), a saturated model in which each lineage has its own rate is combined with a roughness penalty, which forces rates to change smoothly from branch to branch. The tradeoffs between smoothness and goodness-of-fit of the data to the saturated model is determined by a smoothing parameter. The optimal value for this smoothing parameter is estimated from the data via a cross-validation procedure as described in Sanderson (2002a Sanderson ( , 2002b . In practice, several values are tested, and the one resulting in the lowest cross validation-score is chosen for the final run.
Branch lengths were estimated with both parsimony methods (settings as described above, ACCTRAN or DELTRAN optimization) and maximum likelihood methods (settings as for the likelihood ratio testing) using PAUP 4.0b10. Branch lengths estimated from equally weighted parsimony are not corrected for multiple substitutions and their lengths might therefore be underestimated. Despite this possible pitfall for age estimations, we present these estimates to allow comparisons with other studies (e.g., Wikström et al. [2001] ) and with branch lengths calculated via the model-corrected maximum likelihood method. In all analyses, ages of two nodes were fixed using age estimates obtained by the respective method of branch length optimization (ACCTRAN, DELTRAN, maximum likelihood) provided by Wikström et al. (2001) . These are the most recent common ancestors of Maesaceae, Theophrastaceae, Primulaceae, and Myrsinaceae (49/48/46 Mya; node no. 335 in Wikström et al., 2001 ) and of Myrsinaceae s. str., respectively (15/24/22 Mya; node no. 338 in Wikström et al., 2001) . In order to assess if the global optimum was found, searches started from 10 different starting conditions (by setting num time guesses = 10) and perturbations of the solutions in different directions were conducted (by setting num restarts = 10). Confidence intervals on estimated ages were obtained using bootstrapping (Efron and Tibshirani, 1993) . Using the program 862 SYSTEMATIC BIOLOGY
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SeqBoot from the package PHYLIP 3.5c (Felsenstein, 1999) , 100 bootstrap data matrices were generated, and for each of these data sets branch lengths were estimated as described above on the same tree topology as used for the age estimation. Divergence times for these were estimated as described above, and the central 95% of the age distribution of these provide the confidence interval.
The resulting age estimates were then used as new calibration points for a detailed phylogenetic tree of Androsace and related genera based on the ITS data. In cases with more than one accession per species, only one randomly chosen sequence was kept. Because Androsace helvetica and A. pubescens have identical ITS sequences, only one of A. pubescens was included. Because we were interested in age estimates of only few nodes and the relatively high number of terminals would just increase the calculation time, especially for the likelihood ratio testing, we excluded several taxa from the analyses. This was done in a way that from terminal species pairs (e.g., A. integra and A. stenophylla or A. rioxana and A. chaixii; see Fig. 4 ), the one species with the longer branch was chosen for the analysis. The final data set thus includes 37 taxa. Again, likelihood ratio testing was conducted using PAUP 4.0b10 as described above, but starting trees were obtained via neighbor joining (instead of random sequence addition) and maxtrees was set to 25. A clocklike evolution of substitution rates was rejected (2 × LR = 85.7318, P < 0.001), and NPRS and PL were used to obtain age estimates.
Evolution of lifeform.-Phylogenetic analyses congruently suggest short-lived lineages as sister taxa to a clade including mostly perennial species of mountain habitats (see Results). To investigate the evolution of the trait lifeform in more detail, a parsimony and a maximum likelihood based approach were applied. Methods based on the principle of parsimony reconstruct the ancestral character states to minimize the number of historical character changes (Maddison et al., 1984) . Parsimony reconstructions can be misleading when rates of evolution are rapid, and when the probabilities of gains and losses are not equal (Cunningham et al., 1998) . In maximum likelihood methods branch lengths are considered (see Cunningham, 1999 , for a discussion of possible pitfalls). Because every possible reconstruction is considered, they can also estimate the relative probability of each character state at every node (Cunningham et al., 1998; Pagel, 1999) . For our study, we used equally weighted unordered parsimony and the 1-parameter Markov k-state model with rate of change estimated from the data (Lewis, 2001) as implemented in Mesquite 1.0 (Maddison and Maddison, 2003) . The evolution of lifeform was investigated on the phylogenetic hypothesis provided by Bayesian analysis of the combined data set.
RESULTS

Molecular Parameters
The length of ITS1 ranges from 215 bp in Androsace raddeana to 251 bp in Pomatosace, and that of ITS2 from 217 bp in A. delavayi to 235 bp in A. wulfeniana. The length of 5.8S rDNA is 162 bp, with the exception of Androsace sect. Aretia, A. chaixii, A. elongata, and A. septentrionalis of sect. Andraspis, Douglasia, and Vitaliana. In these species, the length is 161 bp due to a deletion at position 129. In the aligned data set, ITS1 has 271 characters and ITS2 has 255 characters, resulting in a total length of 688 characters. For Pomatosace, due to sequencing problems in trnLF, only the trnL (UAA) intron is available. The length of the trnL (UAA) intron in Androsace ranges from 461 bp in A. strigillosa to 505 bp in A. helvetica, A. obtusifolia, and one accession of A. alpina, that of the trnL (UAA) -trnF (GAA) spacer from 56 bp (!) in A. strigillosa to 411 bp in A. integra. In the aligned data set, the trnL (UAA) intron has 577 characters and the trnL (UAA) -trnF (G AA) spacer has 468 characters resulting in a total length of 1095 characters (including 50 bp of the the trnL (UAA) -3 exon). Numbers of variable characters for the ITS and the trnLF data set are 278 and 353, of which 173 and 266, respectively, are parsimony informative.
Phylogenetic Relationships
Androsace is paraphyletic, but forms together with Douglasia, Pomatosace, and Vitaliana a well-supported monophyletic group (data not shown). In the final analyses, only one outgroup taxon, Primula kitaibeliana, is included, and therefore the obtained trees are shown with a basal trichotomy.
ITS.-Maximum parsimony and Bayesian inference congruently detect the following monophyletic groups (Fig. 3) . One is comprised of Androsace axillaris and A. paxiana (the latter only included in the initial analyses: BS 100, PP 1.00) of sect. Pseudoprimula, and constitutes the basalmost lineage within Androsace (BS 75, PP 1.00). The two accessions of A. maxima s. l. of sect. Andraspis form another clade (BS 100, PP 1.00), which is suggested as sister-group to the remaining species, albeit with only weak support (BS 54, PP 0.64). A third clade includes most species of sect. Chamaejasme and A. integra from sect. Aizoidium (BS 100, PP 1.00) plus A. erecta from sect. Andraspis (only included in the initial analyses: BS 99, PP 1.00), and groups as sister to the rest (BS 64, PP 1.00). The core group of the remaining taxa includes species of Androsace sect. Aretia, A. triflora of sect. Chamaejasme, A. chaixii of sect. Andraspis, and Vitaliana and Douglasia (BS 100, PP 1.00), and is sister to A. elongata of sect. Andraspis (BS 80, PP 1.00). Three lineages arrange as consecutive sister-groups to this main group with high support (BS 93-100, PP 1.00). These are, in descending order, a clade comprising A. raddeana, A. septentrionalis, and A. lactiflora (the latter only included in the initial analyses) of sect. Andraspis (BS 100, PP 1.00), Pomatosace filicula, and A. filiformis (two accessions included in the initial analyses: BS 100, PP 1.00).
The internal relationships within the clades are generally well resolved, although several nodes do not get sufficient support. This is particularly pronounced in the clade including species of A. sect. Chamaejasme, where, apart from A. hookeriana-A. rigida (BS 87, PP 1.00), only groups consisting of very closely related species have trnLF region.-Concerning the major lineages, phylogenetic relationships inferred from analyses of the trnLF region yield similar results as those from the ITS region with similar support values (BS 100, PP 1.00; Fig. 3 ). One exception concerns A. filiformis, which is suggested either as sister-group to A. maxima (maximum parsimony) or to sect. Chamaejasme (Bayesian inference), but neither hypothesis gets sufficient support. The second exception is A. elongata, which does not group as sister to the clade including species of A. sect. Aretia and others, but falls into this clade.
Here, the internal relationships within the clades are little resolved, and mostly clades consisting of accessions of the same species (e.g., Androsace pubescens, Douglasia nivalis) or very closely related taxa (e.g., A. villosa and A. barbulata, A. chamaejasme and A. lehmanniana) are retained with high support. A few groups, however, are found consistently: these include A. chamaejasme/lehmanniana/stenophylla/integra (BS 95, PP 1.00) and A. wulfeniana/brevis (BS 64, PP 0.97).
Combined dataset.-Both ILD tests, including all sites and including only variable sites, indicated that the ITS data cannot be combined with the trnLF data (P = 0.001 and P = 0.002, respectively). Several contradictory phylogenetic relationships are inferred from the single marker analyses, which probably account for these results. If a cutoff level of 70% bootstrap support is used, these contradicting nodes do not get high support in at least one of the alternatives, with the exception of A. filiformis and A. axillaris (Fig. 3) . Exclusion of those taxa would be a possible way to circumvent this problem, but each of the two species constitutes a major phylogenetic lineage within Androsace (see above), and should therefore not be excluded from phylogenetic analyses.
Bayesian analysis using a mixed model approach detects the same major phylogenetic lineages as the analyses of the single marker data sets ( Figs. 4 and 5) . Androsace sect. Chamaejasme, A. axillaris, A. filiformis, and A. maxima fall into one clade (PP 0.99). As in analyses of ITS data alone, Androsace sect. Aretia falls into two clades. One is only weakly supported and additionally includes Vitaliana (PP 0.83), whereas the second one is well supported and comprises, among several species of Androsace, all species of Douglasia (PP 1.00). Within these clades, several well-supported groups are found, e.g, the arctic species of Douglasia plus Androsace triflora or A. wulfeniana and A. brevis. Some of these agree with groups found in analyses of the ITS data, e.g., A. adfinis s. l. and A. cantabrica, whereas others agree with those of the trnLF data, e.g., A. vandellii and A. cylindrica.
Estimated divergence times.-Depending on the method of branch length optimization used, age estimates for Myrsinaceae s. str. differ very much ranging from 15 Mya (ACCTRAN) to 22 Mya (maximum likelihood) and 24 Mya (DELTRAN; Wikström et al., 2001) . These differences are reflected in the age estimates for nodes in the phylogeny of Androsace, age estimates from ACC-TRAN being the youngest and those from DELTRAN optimization being the oldest (Table 2) . With a few exceptions, age estimates using one age for the calibration point lay outside confidence intervals obtained when alternative ages as calibration points are used (Table 2) . In all cases, age estimates from maximum likelihood lay between those of the two parsimony methods. A second reason for differences of obtained age estimates for the same node(s) arise from using different methods of age estimation (NPRS or PL). In the Primulaceae data set (the first two nodes in Table 2 ), the use of different methods resulted in nearly identical estimates. This is expected from the low values for the smoothing parameter in PL (≤1), which allow much rate variation among branches, a feature also found in NPRS. In the Androsace data set (remaining nodes in Table 2) , however, the values for the smoothing parameters were higher (between 5 and 18), and accordingly the age estimates differed more strongly. With a few exceptions, the estimated ages of the nodes of interest lay outside the confidence interval of the alternative methods. Age estimates obtained from PL are always younger than those from NPRS. Although age estimates for the same node differ considerably in detail, even if only maximum likelihood branch lengths are used, the differences are not so great as to render any biogeographic conclusions impossible.
Evolution of life history.-A short-lived life history has evolved at least four times independently in Androsace (Fig. 5) . Two single occurrences of short-lived species within otherwise perennial clades are A. integra and A. chaixii. Depending on the method used, the common ancestor of A. filiformis and A. maxima is either reconstructed as short-lived (parsimony) or as ambiguous (maximum likelihood; Fig. 5 ), and thus the equal life history traits of A. filiformis and A. maxima might have evolved independently. The most remarkable occurrence of shortlived life history is at the basis of the clade including Pomatosace and A. sect. Aretia among others. Both reconstruction methods used suggest that the common ancestor of this clade was short-lived (with a probability of 64% to 69% in the maximum likelihood method), implying that in Douglasia, Vitaliana, and A. sect. Aretia, a perennial life history has evolved secondarily from short-lived ancestors. 
DISCUSSION
Taxonomy
In accordance with previous molecular phylogenetic studies Mast et al., 2001; Trift et al., 2002) , our results support a monophyletic group largely congruent with tribe Androsaceae (Takhtajan, 1997) , which is characterized by a special pollen type ("Androsace-Typ") not present elsewhere in Primulaceae (Wendelbo, 1961; Spanowsky, 1962) . This group contains Androsace and three genera nested within, Douglasia, Pomatosace, and Vitaliana, thus leaving Androsace even in its widest circumscription so far (that is, including Douglasia and Vitaliana as sections; Wendelbo, 1961; Kress, 1965) paraphyletic. Applying a concept of strict monophyly, either Androsace would have to be split into several genera or Douglasia, Pomatosace, and Vitaliana would have to be merged with Androsace, resulting in monogeneric Androsaceae. A similar situation is found in Primuleae, where the large genus Primula can only be retained as monophyletic if small and morphologically distinct genera such as Cortusa or Dodecatheon are included (Mast et al., 2001; Trift et al., 2002; Martins et al., 2003) .
Although a reclassification of Androsace and related genera may ultimately be appropriate, we believe that it should be done in concordance with a classification of Primula and related genera in order to apply comparable taxonomic concepts within the family. Given the profound differences in cytology, anatomy, floral morphology, and breeding systems, which have shaped previous classifications of this well-known and horticulturally popular plant family, any reclassification will be controversial. Hence, we do not propose a formal system of classification here, but treat the monophyletic groups as rankless phylogenetic taxa and name them using the clademark convention of Baum et al. (1998) . We explicitly do not do this in favor of phylogenetic classification or in disfavor of Linnean classification, but consider it a very useful system to communicate monophyletic groups without burdening the discussion with nomenclatural issues.
The only clade that corresponds to a traditionally recognized section is /Pseudoprimula (Fig. 5) . This group is restricted to Asia from Afghanistan to Japan with its center of diversity in the Yunnan and Sichuan provinces of China (Smith and Lowe, 1997) . /Pseudoprimula includes the species of sect. Pseudoprimula, considered to be the most primitive group within Androsace and a probable link to Primula due to its leaf morphology with broad blades and long petioles (Pax and Knuth, 1905; Handel-Mazzetti, 1927; Lüdi, 1927; Kress, 1965) . This morphology is otherwise unknown in Androsace but closely resembles the leaf morphology in several Asian sections ofPrimula (e.g., sects. Cortusoides, Obconicolisteri, and Malvacea; Richards, 1993) . Schwarz (1963) , who emphasized the distinctive leaves of this group, raised it to generic level. Neither an intermediate position between Androsace and Primula nor a strong distinctness justifying recognition as separate genus is confirmed by our data.
/Chamaejasme includes all investigated species of sect. Chamaejasme, which has its center of diversity in Central and East Asian mountain ranges (Meusel et al., 1978) . The only exception is A. triflora, which belongs to /Aretia (see below). Based on phytochemical characters, this species was excluded from sect. Chamaejasme by Kuvajev and Pirozhkova (1987) and transferred, together with the northeastern Siberian A. gorodkovii, to sect. Andraspis. The exclusion of A. triflora from sect. Chamaejasme is also supported by characters of the indumentum. The short bristly hairs on the leaf margins (see the image in Smith and Lowe, 1997: p. 150 ) are of the same type as those found in species of sect. Andraspis or sect. Aretia, but are clearly distinct from the long, soft, multicellular hairs present in species of sect. Chamaejasme. Obviously, the similarity in overall morphology of A. triflora to species of sect. Chamaejasme has led to this misclassification. Additionally, two East-Asian lineages of short-lived species fall into /Chamaejasme. The first lineage contains A. integra 868 SYSTEMATIC BIOLOGY VOL. 53 belonging to sect. Aizoidium characterized by biennial life history and presence of isophyllous rosettes (Handel-Mazzetti, 1927; Hu and Yang, 1986; Fig. 5 ). The second includes the annual A. erecta of sect. Andraspis (Pax and Knuth, 1905; Smith and Lowe, 1997 ; data not shown), whose peculiar morphology (a densely leafy stem and lack of a basal rosette) caused some authors to put it into its own section Orthocaulon (Handel-Mazzetti, 1927; Hu and Yang, 1986) . A close relationship of A. erecta to sect. Chamaejasme has already been suggested by Anderberg et al. (2001) .
The biggest changes concern Androsace sect. Andraspis, which is highly polyphyletic and falls into several phylogenetically independent lineages (Figs. 3 to 5 ). Similar patterns of parallel evolution of short-lived lineages are found in an increasing number of angiosperms (e.g., Liston and Wheeler, 1994; Bena et al., 1998; Albach and Chase, 2001; Andreasen and Baldwin, 2001; Iruela et al., 2002) . Apart from A. erecta, which belongs to /Chamaejasme (see above), and A. chaixii, which is part of /Aretia (see below), four clades can be distinguished (Fig. 5) . /Filiformis includes A. filiformis, which is widely distributed in Eurasia and western North America. It differs from all other annual taxa by leaves clearly separated in petiole and blade, and has been put into its own section Filiformis by Kuvajev and Pirozhkova (1987) . The second clade /Megista comprises A. maxima s. l., which has been put into its own section Megista due to the postflorally enlarged calyx (Ovchinnikov, 1952; Kuvajev and Pirozhkova, 1987; Menitsky, 2000) . The distinctness of A. maxima is supported by the presence of pollen differing from those of other species of Androsace in its larger size, different shape, and more pronounced structure of the sexine (Punt et al., 1976) . This species is widely distributed from northwestern Africa through Europe and Asia. The two accessions included in our study exhibit considerable sequence divergence (Fig. 5 ). Possible correlations with karyological races (diploid to hexaploid: Kress, 1984; Weiss and Schneeweiss, 2001) or previously recognized taxa such as A. turczaninovii (Ovchinnikov, 1952; Měsíček and Soják, 1992) require further study. /Septentrionalis includes a group of annual lowland taxa of holarctic (A. septentrionalis) or Middle Asian (A. lactiflora) distribution and mostly biennial taxa from mountain ranges of southwestern Asia (A. raddeana). The fourth clade /Elongata includes the Eurasian A. elongata. We are not aware of any morphological feature that would parallel the phylogenetic distinctness of /Elongata from /Septentrionalis. Androsace sect. Aretia is paraphyletic and belongs to /Aretia. Apart from A. triflora (sect. Chamaejasme) and A. chaixii (sect. Andraspis), this clade additionally includes Douglasia and Vitaliana (Fig. 5) . A close relationship of Douglasia and Vitaliana to Androsace is already indicated by karyological and palynological data (Favarger, 1958; Wendelbo, 1961; Spanowsky, 1962; Kress, 1965) , by a cladistic study using morphological data (Anderberg and Ståhl, 1995) , and by recent molecular studies Anderberg et al., 2001; Trift et al., 2002; Martins et al., 2003) . Historically, the separation of Douglasia from Androsace is mostly due to inadequate comparison. The characters, which discriminate Douglasia against American species of Androsace (of sect. Chamaejasme and sect. Andraspis), such as pink flowers, pulvinate growth habit or the presence of branched hairs, connect Douglasia with species from sect. Aretia (reviewed in Anderberg and Kelso, 1996) . This is also true for the presence of distinctly and irregularly thickened endosperm cell walls with numerous narrow constrictions, which also occur in Vitaliana (Anderberg and Kelso, 1996) and in less pronounced form in Androsace helvetica and other species of sect. Aretia (P. Schönswetter, unpublished data) . /Aretia is characterized by a basic chromosome number of x = 20 (and, derived from that, x = 19 and x = 17), which very likely arose by palaeopolyploidization from x = 10 found elsewhere in Androsace (Favarger, 1958; Kress, 1965 Kress, , 1984 Sarkar, 1988; Nakata et al., 1997) .
Vitaliana is unique within Androsaceae by having yellow heterostylous flowers with extended corolla tubes, and is therefore often treated as separate genus (e.g., Ferguson, 1972; Smith and Lowe, 1997) . In Vitaliana, however, heterostyly is not accompanied by the dimorphism of pollen grains and stigmatic papillae such as seen in Primula (Schaeppi, 1934) , and therefore may represent extended herkogamy rather than the classical heterostylous syndrome as described by Dulberger (1992) and Barrett (1992) . Schaeppi (1935) has already shown that the dimorphic flowers of Vitaliana are derived from monomorphic flowers of the Androsace type. In Primula, the functionality of heterostyly enforcing cross-pollination is well-studied, whereas reversals to homostyly in species growing in harsh environments, where self-pollination is advantageous, are common (Kelso, 1987; 1991) . A similar role for floral dimorphism in Vitaliana might be expected, but it remains to be experimentally tested if Vitaliana is strictly outcrossing or if self-pollination is successful and to what extent. The evolution of longer corolla tubes in Vitaliana may be connected to the evolution of heterostyly in order to enhance the spatial separation of the anthers from the stigma. Although unique in /Aretia, the third trait, the yellow flower color, is not unique within Androsace, because it also occurs in the predominantly white to pink flowered /Chamaejasme. In Vitaliana, it may be related to reproductive ecology as well. The color, in the Primulaceae produced by flavonoid pigments (Harborne, 1968) , is attractive to bees (Proctor et al., 1996) , which are major pollinators of heterostylous species of Primula in both lowland and alpine environments (Christy, 1921; Miller et al., 1994) .
Within /Aretia, two groups can be differentiated (Fig. 5) , which roughly correlate with the subsectional structuring proposed by Kress (1963) . /Eu-Aretia includes most species of sect. Aretia subsect. Aretia plus Vitaliana, whereas /Dicranothrix contains most species of sect. Aretia subsect. Dicranothrix, A. triflora, A. chaixii, plus Douglasia. An important character in previous classifications of this group (Pax and Knuth, 1905; Kress, 1963) 869 was inflorescence morphology: single axillary flowers, often combined with pulvinate growth form, versus multiflowered scapose inflorescences, often combined with loose mat-forming growth form. Both types are present in both groups, e.g., the single-flowered pulvinate species Douglasia gormanii and D. ochotensis appear in /Dicranothrix, where mat-forming species with scapose multiflowered inflorescences prevail, and the multiflowered scapose A. obtusifolia occurs in /Eu-Aretia, where single-flowered pulvinate species dominate. The split in /Eu-Aretia and /Dicranothrix is supported by the distribution of basic chromosome numbers, because x = 20 is found in /Eu-Aretia and x = 19 and x = 17 in /Dicranothrix. For some of the species, however, the karyological data are ambiguous: the exact chromosome numbers of A. ciliata (2n = ca. 80) and A. lactea (2n = ca. 76) are not known (Favarger 1958 , Kress 1963 , 1984 Skalińska in Skalińska and Pogan, 1966; Kochjarová, 1992) , and for A. obtusifolia and Douglasia ochotensis, both n = 19 (Favarger, 1958; Kress, 1965 Kress, , 1984 Johnson and Packer, 1968; H. Weiss-Schneeweiss et al., unpublished data) and n = 20 are reported (Zhukova 1965 (Zhukova , 1967 Zhukova and Petrovskij, 1987; Uhriková in Uhriková and Dúbravcová, 1997) . A report of n = 18 for Douglasia idahoensis (Henderson, 1981) is probably due to misinterpration of two overlapping bivalents as one bivalent, as can be seen on the drawings provided by the author. Within /Dicranothrix, the arctic species of Douglasia and Androsace triflora share some unique aspects of seed coat morphology (Kovtonyuk, 2002; S. Kelso, unpublished data) , supporting the monophyly of this arctic clade.
The third satellite genus of Androsace, Pomatosace, nests within Androsace, where it constitutes a separate lineage /Pomatosace (Fig. 5) . Based on the presence of circumscissile capsules, it was put together with Bryocarpum and Soldanella into subtribe Soldanellinae by Pax and Knuth (1905) . However, Weberbauer (1898) showed that the superficially circumscissile capsules of Soldanella and Bryocarpum are in fact not operculate but rather open by longitudinal splits as found in other Primulaceae. Spanowsky (1962) and Wendelbo (1961) found in Pomatosace the same pollen type as in Androsace, and the latter regards Pomatosace as a segregate from Androsace, suggesting that it could be incorporated into that genus as a section. Similarly, Schwarz (1963) realized the similarity of Pomatosace to annual species of Androsace sect. Andraspis, and accordingly united Pomatosace and Androsace in subtribe Androsacinae. A close relationship of Pomatosace and Androsace is also suggested by features of the karyotype (x = 10; Kong and Liu, 1999) .
Biogeographic Implications
In Androsace, similarities between the amphi-Beringian Douglasia and some European taxa have been recognized by Kress (1965) and Anderberg and Kelso (1996) . The biogeographic interpretation of that large scale disjunction, however, is diametrically different. Whereas Anderberg and Kelso (1996) accept it as a consequence of an inferred sister group relationship between Douglasia and Vital-iana, Kress (1965) takes it as an argument against a close relationship of Douglasia and Androsace sect. Aretia, despite their morphological and karyological similarities. Instead, he considers them separate lineages independently evolved from an Asian stock. This latter hypothesis is clearly rejected by our results which show that Douglasia phylogenetically nests within Androsace sect. Aretia (see above).
Another reason for Anderberg and Kelso (1996) to accept a disjunction between the amphi-Beringian region and the European mountain ranges was the presence of two similar cases within Primulaceae (then still understood in the circumscription of Pax and Knuth, 1905) . One is a sister-group relationship between the western North American Dodecatheon and the Mediterranean Cyclamen as suggested by Anderberg and Ståhl (1995) , which recently has been rejected by molecular phylogenetic analyses (Anderberg et al., 1998 (Anderberg et al., , 2001 Källersjö et al., 2000; Martins et al., 2003) . The second is the close relationship between the European Primula sect. Auricula and the two principally western North American sects. Cuneifoliae and Parryi, which finds support in recent molecular phylogenetic studies (Mast et al, 2001; Trift et al., 2002) .
The most striking feature in the distribution of /Aretia and the above mentioned sections of Primula is the obvious distribution gap in the central Asian mountain ranges (Fig. 6) , where both genera show a high diversity. Mast et al. (2001) suspected that in Primula this gap might be bridged by species of sect. Amethystina, but this seems not to be the case (Mast et al., 2004) . Due to the relatively weak sampling in the Asian groups, taxa providing a link between the geographically separated groups of /Aretia FIGURE 6. Distribution of Androsace (thick gray line) and some of the groups identified in this study. /Eu-Aretia (thick solid line) and /Dicranothrix (thin solid line) are the two members of /Aretia, which possibly evolved in Europe (note the largely congruent distribution areas in Europe). In contrast, the distribution areas of A.sect. Chamaejasme subsect. Chamaejasmoidea (dotted line) and subsect. Villosae (dashed line) suggest an origin in East Asian mountain ranges and subsequent migration east-and westwards. Together, the distribution areas of A. sect. Chamaejasme subsects. Chamaejasmoidea and Villosae cover the whole distribution area of /Chamaejasme. Thick white lines indicate the maximum extent of the ice-sheets of the last Pleistocene glaciation (local glaciations outside the two major ice-sheets not shown). 870 SYSTEMATIC BIOLOGY VOL. 53 could have been missed in our survey. The available morphological and karyological evidence, however, does not suggest any of those species as member of /Aretia. This is also the case for A. delavayi and A. lehmannii, which are treated as members of Androsace sect. Aretia by Smith and Lowe (1997) , but are grouped in sect. Chamaejasme by Hu and Yang (1986) , the latter being in agreement with morphological evidence from the indumentum and, in the case of A. delavayi, with molecular data obtained in the present study. A further indication that the gap of /Aretia in the central and East Asian mountain ranges is not an artifact is given by the lack of species of /Aretia in the Near Asian mountain ranges, especially in the Caucasus. Admittedly, this is only a weak argument, because in other groups of Eurasian mountain taxa connecting species are also lacking in this region, e.g., in Leontopodium (Asteraceae) with the majority of species in central and East Asian mountain ranges (from Afghanistan eastwards) and two species in Europe.
The amphi-Beringian clade of /Aretia, i.e., Douglasia and A. triflora, has evolved in the Pleistocene or late Pliocene ( Table 2) . At that time the uplift of the Eurasian mountain system was already advanced (Agakhanjanz and Breckle, 1995) and should have allowed the migration of mountain species across Eurasia. The presence of such a migration route is exemplified by members of /Chamaejasme. Androsace villosa s. str. is the westernmost member of subsect. Villosae distributed throughout the Eurasian mountain ranges, whereas A. chamaejasme s. str. is the European representative of the holarctic arcticalpine subsect. Chamaejasmoidea (Fig. 6 ; Meusel et al., 1978) . Both species obviously arrived independently in the European mountain ranges after centrifugal range expansion from the putative center of origin in the central and East Asian mountain ranges. If a similar route was taken by members of /Aretia, it is, however, difficult to explain, why occurrences in the Asian mountain ranges should have gone extinct later. This scenario could only be evaluated by fossils, but the fossil record of Androsace is scarce and the few fossils cannot be assigned to any of the lineages within Androsace and are therefore not conclusive.
The inclusion of A. triflora in /Aretia renders the distribution of this group arctic-alpine (Fig. 6) , raising the possibility of a northern Asian connection between the amphi-Beringian region and the European mountain ranges. If so, the gap in the European and the northeastern North American Arctic might be explained as a result of the heavy glaciation of these areas during the Pleistocene (Wilson et al., 2000; see map in Abbott and Brochmann 2003) , which could have eradicated occurrences of members of /Aretia. The Arctic taxa of /Aretia, however, occupy a phylogenetically terminal position (Figs. 3 to 5) and only evolved in the Pleistocene (Table 2) , and thus the distribution area of A. triflora, the only Arctic member of /Aretia occurring outside Beringia, is rather the result of a westward migration after the last glacial maximum than a relict of a connection between the two distribution areas of /Aretia.
Although the available data do not allow us to determine the route(s) of exchange(s) between the amphi-Beringian region and the European mountain ranges in /Aretia, they do allow us to infer the direction. /Aretia evolved in the Pliocene (maybe latest Miocene; Table 2 ) and subsequently split into the two lineages /Eu-Aretia and /Dicranothrix. Climatic oscillations in the Pliocene are recognized as the driving force for speciation events in the bird subfamily Tetraoninae (Drovetski, 2003) , and might have played a similar role in the evolution of /Aretia. The restriction of species of /Eu-Aretia and ancestral species of /Dicranothrix to the European mountain ranges together with the phylogenetically derived position and therefore younger age of Douglasia and A. triflora suggest a European origin. This is in agreement with results from parsimony and maximum likelihood reconstructions of the ancestral areas of /Aretia and /Dicranothrix (data not shown).
From Europe, members of /Dicranothrix would have reached the amphi-Beringian region. A possible scenario includes more contiguous distributions in northern Asia that were later disrupted by Pliocene-Pleistocene glacial and tectonic events. Causes for regional extirpations in northern Asia could have been the rapid glaciations of North Asian mountains in the late Pleistocene (Brigham-Grette, 2001) or late Pleistocene sea level changes resulting in submergence of a large extent of previously emergent shallow continental shelf along the Arctic shoreline (Strelkov, 1982) . An alternative scenario involves colonization after long-distance dispersal(s). As previously argued above, the current distribution range of A. triflora is probably not a relict of a North Asian connection but the result of westward migration. This together with the scarcity of suitable habitats for mountain species in the West Siberian plain are in favor of the hypothesis of long distance dispersal (but see Weber, 2003, for the opposite view in explaining the similarities between North American and Middle Asian mountain floras). Long-distance dispersal has also been considered to explain comparable disjunctions on the southern hemisphere between South America and New Zealand, e.g, in Abrotanella (Asteraceae; Swenson and Bremer, 1997) or Hebe (Plantaginaceae sensu Bremer et al., 2002 and APG II, 2003; Wagstaff et al., 2002) . Hypotheses employing both scenarios, that is, more contiguous distributions plus some degree of dispersal, in conjunction rather than as mutually exclusive alternatives, may also be considered.
The origin of Douglasia falls in the late Pliocene to Pleistocene, a period characterized by alternating cold and warm periods (Wilson et al., 2000; Peizhen et al., 2001 , Zachos et al., 2001 . The ancestors of Douglasia could have reached the amphi-Beringian region in one of the warmer phases, subsequently loosing any intermediate occurrences in cold phases. Rapid range expansions in relatively short phases of more favorable climatic conditions are known from some arctic-alpine species, e.g., Ranunculus glacialis (Ranunculaceae), which colonized the Arctic from the Alps only after the last glacial maximum (Schönswetter et al., 2003b) , or from amphiatlantic species, e.g., Cerastium nigrescens and C. arcticum (Caryophyllaceae), which very likely dispersed over the Atlantic in postglacial times, thus within 18,000 years (see reviews by Abbott and Brochmann et al., 2003) . Like Androsace and Douglasia, these species have no particular adaptations in their diaspores for long distance dispersal, and the exact mode of dispersal remains to be investigated.
The center of origin of the ancestors of /Aretia is unknown. Based on the distribution of /Pseudoprimula, the most primitive group within Androsace, the center of origin of the genus is assumed to be in East Asia (Pax and Knuth, 1905; Kress, 1965) . This might also be true for the ancestors of /Aretia, but the current distribution of the closest relatives of /Aretia, species of /Elongata and /Septentrionalis, suggest an origin outside East Asia. The ancestors of /Aretia probably were short-lived species (Fig. 5 ), and might have had similar ecological profiles as species of /Septentrionalis and /Elongata today. As such, they could have originated and diversified in open forests or steppes present in northern and central Asia in the Miocene and Pliocene (Tiffney and Manchester, 1999) , the time of the split of /Elongata and /Aretia (Table 2) .
Although the phylogenetic results presented here do not allow us to establish a detailed biogeographic scenario for Androsace and related genera, they unambiguously reveal a surprisingly close relationship between taxa of the amphi-Beringian region and the European mountain ranges. It is therefore evident that the similar pattern found in some sections of Primula (Mast et al., 2001; Trift et al., 2002) is not just a peculiarity of that genus. Additionally, recent molecular investigations indicate that a similar biogeographic pattern is present in Ranunculus glacialis s. l. (Ranunculaceae; Schönswetter et al., unpublished data) as well as Pulsatilla alpina s. l. and P. occidentalis (Ranunculaceae; Zetzsche and Blattner, 2003 ; see maps in Meusel et al., 1965 and Hultén and Fries, 1986) . Doubtlessly, disjunctions between European mountain ranges and Beringia will continue to be rare in northern hemisphere mountain plants even with increased knowledge of phylogenetic relationships. However, our study illustrates the subtle complexity of biogeographic patterns even in a genus with an apparently continuous distribution in the mountain ranges of the northern hemisphere.
CONCLUSIONS
This study clarifies the relationship of three small satellite genera, Douglasia, Pomatosace, and Vitaliana, to the core genus Androsace, and outlines a major revision of the taxonomy of this whole group. A sound molecular phylogeny provides the opportunity to trace the evolution of complex traits such as heterostyly in Vitaliana, the multiple independent origin of short-lived life forms, or reversals to perenniality. Finally, these phylogenetic relationships indicate a complex biogeographic history with close connections between the European mountains and northwestern North America without extant linking taxa in central and East Asia, the putative center of origin of Androsace and related genera. Overall, this study demonstrates that patterns of evolution in this group of northern hemisphere mountain plants are much more complex than previously believed. In depth studies on additional taxa are likely to provide relevant and fruitful comparisons.
